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: resuiting from spallation reactions will be partially captured by protons.

: ’to p?'oduce deuterium and 2.23 Mev gamma radiation. The intensity of this -

:: line ';_en_xission is proportional to the reutron density in a flare. Line

; emission at 0.51 Mev results from pos:>ron-electron annihilation. Positrons

. are produced by beta-decay of radicac _ve nuclei generated by spallation
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:Abstract. We investigate mechanisms for the production of gamma
mdiétion' (hv > 10 kev) by the sun and predict fluxes at the earth. The
gemma radistion emitted by the quiet sun is negligible compared to
emission 'durfng a solar flare. The most important. emission mechanism in }

the 10 kev 10 1 Mev energy region is bremsstrahlung by flare-accelerated
‘ orel .

| . :
electrons. The photon spectrum is continuous and decreases monotonically .

|

‘wi‘bhgenergy- Flare-accelerated protons will interact with carbon, nitrogen, .

1
‘and bxygen nuclei by inelastic scatter g and spallation reactions, pro- ..

i

ducing gamma radiation as a result of ..clear de-excitation. Neutrons
i

|

|

I




- reactions and by the decay of " ‘mesons produced in proton-proton
_ reactions. The primary source of photons with energy greater than

- ' | 50 Mev is the decay of P mesons, which are also produced in proton-

1. proton reactions.
- o A " Flux estimates indicate that the detection of gamma radiation
’ T _ ..

' ; resulting from a solar flare is feasible and would yield information on

nuclear reactions as well as on the intensity and spectrum of high-energy

: protons and electrons.

I. Introduction

With the advent of high-altitude balloons, rockets, and satellites,

it is now possible to investigate all regions of the electromagnetic
spectrum of the sun. One region of particular interest is the extreme
. high-frequency range, where little wérk has been done before. In this
!  ; » paper we shall investigate the gamma-ray spectrum emitted by the sun and

. determine what new information about the sun, and solar flares in parti-

- %'cular, we can learn from the detection of this radiation. We shall also

i investigate the various gamma mys to detemine which portion of the

; spectrum is most feasibly detectable and which yields the most direct infor- |

mation on solar-flare structure. |

' We shall }/adopt the definition of gamma radia.tioﬁ as any electro-

| magnetic radiation in which the photon energy (hv) exceeds 10 kev
(1.60.X 1078 ergs, corresp'onding to a frequency of 2;1&2 x 1018 gec! and
a wa.vele;gth of 1.24% angstroms). .‘ B . I
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1 © II. Gemma-ray Production Mechanisms.

_In general, gamma radiation can be produced by the following

meche,nisms :

e (1) synchrotron radiation

SRS o . (2) - electron recombination with atoms (free-bound transitionms) |

G (3) decay of naturally radioactive nuclei | !

(%) inverse Cbmpton effect

(5) bremsstrahlung (free-free transitions)

'(6) ' nucleon-nucleon reactions

(a) thermonuclear reactions
(b) de-excitation of nuclei produced by nuclear bombardment

(¢) ™-meson decay

L (7) electron-positron annihilation

(a) Dbeta-decay

(v) 7" -meson decay
"We shall investigate each of the above sources to evaluate the
; relat?.ve intensities and tyyes of spectra produced. . To do this, however, |
e muq‘b understand gamma-ray absorption processes on the sun and the

_ pkwsic\al conditions jxisting in the quiefb sun and in solar ﬂares.
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. Compton effect, and 01;1‘ for pair production. The absorption coefficiént ’

e i e

" III. Gemma-ray Absorption Mechanisms

Although gamma rays may be absorbed or scattered in many ways by

electrons, nucleons, electric fields, and meson fields [Evens, 1955] ,
|
ther%e are three predominant types of interactions: (1) the photoelectric

" effect, (2) the Compton effect, and (3) electron-positron pair production. ~

The j'cota.l absorption cross section (including elastic scattering) for a

: photbn of frequency v is given by

H .

g, =0

2
v ph ) ca” (1)

+0_+0
¢ pr’.

where \Uph is the cross -section for the photoelectric effect, crc for the

Xk, , is defined by

-1 .
k, =0, N e ", (2)

" where Na is the number of agents per cm3 with which an interaction can

occur. The gamma-ray equivalent to the optical depth of visual fadiation

| is given by

X ’ : .
tvs»ok\,dx, (3)
X .

. where x and x_are the distances from the cepter of the sun to the source

0
and to the observer. Thus photons of initial intensity I 0’ after traver-

: sing 8 _distanée'xo <« x of absorber, will have an intensity I , given by

: : -t : -
CI=Ie V. (%)
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Photoelectric Effect. To calculate the photoelectric absorption

\ .
coefficient over the photon energy range of 10 kev to 10 Mev we must

use several different formulas. The main features of the absorption, - |
however, are given [Kaplan, 1956] by: .

< - ‘ %
5 ® 2
o = By 2 (137) W2 ) e /atom (5)
where 2 .
» .
By = %‘1 =) =6.650 x 2077 ; O]
Moc :

_ hv 1s the energy of the incident photon; Myc? is the rest emergy of the

electron; and Z is the atomic number of the absorbing material. This
formula applies only to the ejection of electrons from the K shell of the
atom (~ 80 percent of the photoelectric effect) and assumes that the

photon energy 1s small enough so that we can neglect relativistic effects

" but is still much larger than the K-shell binding energy. The photoelectrié

cross sections as a function of energy are given in Table 1.

Compton Effect. The total Compton cross section (e.ha.stic scattering

and absorption) is given [Evans, 1955] by

c;=1%¢0{1+°’E2-’§_L+1gl !n(1+2a£l

1 : 1+ 34 2 :
+=4n (1 + 22) - - cm”/electron (7)
. «5e
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‘Where a = hv/Moc2 . Fora<<],

o, = do (1 - 201.4- 5202 - 13.3«3 + . o0 ), cmz/ele_ctron (8)

iand for @ >>1

om gty 3+ 2] . en’/electron (9)

Values of the total Compton cross section are given in Table 2.

Electron-Positron Pair Production. The total pair-production cross

'section per nucleus is [Evans, 1955)]

fhv - euoca P aT,.

<:r-c:z2

14
pr 0 0 hv - 24 2
. o
= g, z2 3 , ’ o cme/nucleus (10)

fwhere 2
; 5 8 _ 0 .

o = -l-:_:,—‘f( £ 5 )= 5.80 X 10~ ; cm /nucleus (11)

Moe -

iT_,_ is the kinetic energy of the positron produced; Z is the atomic number”
Eof the absorber; P is a dimensionless quantity that is a complicated

éﬁmctién of hv and Z, varying between O (for hv <2 Moc2) and about 20

5(for hv = @ ) for all values of Z; and P is the average value of P . Evans

[1955] gives a plot of P as & function of T /(hv -2M c2) Analytical

-integration of the equation for cpr is possi'ble only for relativistic |

' casesi: ’

|

H
i




2‘8m 2hv 218

_ 28 2 2 _-1/3 ’
9r = 9 5 M——Ocz 57 Mge® < <hv < <137 Myc“ 2 , (12)

2 |28 ¢ -1/3, 2 2 -1/3 "
:c o, 2 [9 n (1832 ) 27] hv 137 Mje” 2 7 (13)
f;Va.lues of the pair-production cross section are given in Table 3.

i

)

To estimate the effect of gamma-ray absorption above the photosphere,
!we shall adopt ‘a path length in the corona of three times the solar radius "
. - and overestimate the average electron density there by assuming it to be

107 "3 over the eptire path. Using these values » We have
‘1, = 2.1 X209 (0) . (1)

'Likewise, if we adopt a density of 3 X 10'3 electrons/cm3 in the flare and

.a path length in the flare of 109 cm, then
ty, = 3 x 202 (oy) . (15)
-~ The maximum value of O,, in the defined gamma-ray energy region occurs

;at 10 kev. In the corona photoionization is negligible, since only & few

a.nd in the flare itself, the temperature is high enough so that hydrogen and

ﬁhelium are completely ionized. Therefore, at 10 kev

i
'

: o ' o, MO, , (16)
?a,nd é
o t, = 2.1.x10% o, =107 ar)
éfor tiae corona, and ‘
o by =3 X 10%2 g == 1072 (18)

t

»

for flares. Thus gamma=-ray a.'bsorption a'bove the photosphere is negligible.

h e ————— . - o o T 2 ——— - i o e e s - e . men e — -
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inona‘bundant atoms retain even K-shell electrons. In most of the chromosphere »
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: It is interesting to note that at high gamma-ray energies, e.g.,

' tion of this energy produced within a depth of ~ 58 gm/cm® from the

. surface of sun will undergo little absorption.

N greater than 50 Mev, t,, has its smallest value, and therefore, radia- 2

~

-

‘ ' IV. Properties of the Sun and Solar Flares Important to Gamma-Ray Production

Becguse of the sbsorption in the interior of the sun, we cannot detect
gamma radiaetion origina.ﬁing at its center. We are therefore predominantly
interested in surface reactions that can produce this radiation. We
shall find that solar flares are the primary source of gamma radiation.

%In this section we shall summarize briefly the structufe of the sun as
z.related to chromosphe;‘ic flares and establish a simple approximation to
the nature of thé interacting region that produces gamma rays.

| Typical values of the temperature and density of the chromosphere

iand corona are given in Table &4 [‘I‘hoxﬁas and Athay, '1961; de Jager, 1959;

;Van de Hulst, 1953] .

.f A flare is defined as a sudden, short-lived brightening in Hy of a

1ocalv region on the sun's disk, occuring in the vicinity of a sunspot.
Solar flares are classified according to their area and intensity as

‘seen _in the Hy emission line. The approximate area and relative fre-

i

‘quency of various types of flares are tabulated in Table 5 [de Jager,

1959;| Beckers, ,1962] . In the calculations that follow, we shall

!




. take the area of a flare as seen against the disk of the sun to be ‘
A 1019 cm2 « The observed area of ¢ flare is a combination of two areas:
"the area of the side of the flare as .it would be seen on the limb and

. the area of the top of the flare as seen at the center of the disk. Warwick .

. temperature section hydrogen would be. completely ionized.

[1955] has observed the change in measured areas of H, flares when seen

at the center of the disk and at some distance from the center. The
- result of this work was a height-frequency distribution represented by
- e'Bh, where 1/B = 20,300 km. For purposes of calculation we shall take

the mean thickness of a flare to be 109 cm.

The densities in a flare are slightly greater than the dens.ities in

" the surrounding chromosphere » being of the order of 2 to 3 X 1013 H atoms/ cm3

[ae J’ag er, 1959] . The electron density shall be taken as equal to the

proton density. The relative abundances of other elements are given in

Table 6 [Goldverg, Miller, and Aller, 1960; Aller, 1958] , where we have -

- assumed normal solar abundance in the ‘flare..

Spectrographic.measurements of the kinetic temperatures of flares,

' as derived from line broadening, give values of the order of 10° %k

. [Goldberg, Mohler, and Miller, 1958; Zirin, 1959] . We must point out
- that these results may be partially ca.usedv’by mass motions in the line

of sight and that the Ho: emission observed must come from a region sur-

rounding the high temperature section of the flare, because in the high



1 1s given by

| Magnetic fields of 100 to 200 gausé are observed 'in plage regions,
and their strength may rise to & few thousand gauss in the flare itself
[Leighton, 1959] . |
High~energy particles accelerated and -ejected by flares have been
.observed at the earth. The differential rigidity spectrum of flare

- protons observed at the earth is given [Freler and Webber, 1963] by

4 .
ad-g = No'e'R/PO , ' pr@l:om:/c:m2 sec volt (19)

0
constants. The rigidity of a particle with momentum p and charge ze

where R is the rigidity of the proton in volts, and K.’ and R, are

R:L‘:’.., | (20)

Te

vhere ¢ is the velocity of light. When p is in units of ev/c, R in
volts is numerically equal to p/z. The kinetic emergy, T, of a particle

is related to its rigidity by

i

o 2

! ‘ ‘ 212
o T = [za R + (Moca)] -M c2 ev ,. (21)

2

where M c¢< is the rest mass of the particle in electron volts, and

0

o o
Webber for various flares. For protons in the range of 1 Mev to over

R is measured in volts. Values of R, and N !/ are given by Freier and

‘ »2‘ Bev, the value of R, for a given flare was constant but varied from

0

: flare to flare from 50 to 300 million volts.

/
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f;or any given flare the value of Ro is the same for both protons

- and alpha particleé. The intensity ratio of protons to alpha particles

at the same rigidity, p/@ , veried from 1 to 50. In the majority of

' cases this value was one.

High-energy electrons accelerated by a flare have also been observed

at the earth [Meyer and Vogt, 1962], but their spectrum and anumber cannot

be determined by the observations.

Because we lack information about the particle rigidity spectrum

* produced at the sun by a flare, we shall assume an exponential rigidity

. spectrum for protons and alpha particles with values of R, varying from

0

j 50 to 300 Mv. We shall also assume that electrons follow an exponential

rigidity spectrum, but that the electron rigidity constant, R., may bYe

" of a different order of magnitude. We shall consider values of Ro for

'~ electrons from 110 Kv to 200 Mv.

It is certainly conceivable ‘hat at low energies, e.g., proton

. kinetic energy less than 30 Mev, an inverse, power spectrum of the kinetic

energy would produce a better fit to the data. Since we are concerned

only with an order-of-magnitude calculation of the gamma-ray flux in

., this paper, however, we shall assume an exponential rigidity spectrum

 over all energies.

_ .



Estimates of the total number of protons at the sun accelerated

. by flares vary from 103! t0 103 [Hofmann and Winckler, 1963; Peterson

. and Winckler, 1958, 1959; Friedman, 1963] for protons with energy greater

: than 10 Mev (R = 136 Mv). The time for these particles to be ejected by
| the flare may vary from 10 to 1000 seconds. We shall take the total

number of protbns per second’ accele;-a.ted in flares to be N, where

U . e e e - —
- an - A

©

Lo N=X, S e'R'/RQ IR, ' : protons/sec (22)
L ) 3 '
: N=NR =107 \
: = = . protons/sec (23)

, 00

' We shall:also assume that the total number of accelerated electrons
produced by a flare is equal to the number of accelerated protons produced.
We shall take the ratio of the total number of alpha particles
4 accelerated to the total number of protons accelerated to be the same as
Ethe ratio of normal solar abundances, O.lk. We shall neglect the effects
- of accelerated particles with Z > 2.
? In order to calculate the gamma-ray production in a flare caused by
32

high-energy particles, we shall consider 1032 protons/sec, 10°° electrons/sec,

and .Lh x 103% alpha particles/sec interacting over an area of 1_19 cm®

‘ and ‘léhrough a depth of 107 cm. Isotropic production of gamma-ray photons

Pwill Ebe assumed. ' | .
%In all cases the gamma-ray flux at the earth .{n ‘photons/ em® sec will i

equaJ; the total gamma-ray production at the sun per second divided by v

-l L; = 2.7 X 1027 en® , where L is the a..stron'omical unit.

e e - ———— e ame.. . o i p— At - e -
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o 'bnegligible. Results from bremsstrahlung radiation calculations indicate

V. Intensitjr and Spectrun of Camma Radiation from the Sun

t
+

, Let us now consider the gamma-ray production mechanisms proposed. in

‘Section IT.

E(l)' Synchrotron radiation

The electromagnetic radiation by an electron of total energy E

-'in a magnetic field B has an intensity maximum at the frequency vm, where -

: . L2 '
’ v, - 1.26 X 106 B‘(E ) sec":L ; (%) .
: : Moc

and B.L is the component of the magnetic field in gauss perpendicular to

,the' particle velocity. For gamma-ray emission by this process,

; : ' -1
: ‘ v, > 2.42 x 1018 sec R

-and therefore, if we take B, = 103 gauss, :

> .
Eelec'&:ron 22 Bev :

.Even with an exponential rigidity spectrum of Ry = 200 Mv and NO =5 X 1029
electrons/sec Mv, the flux at the earth of ~ 10 kev photons would be '
: !

that BO is much less than TO Mv for electrons. Therefore, synchrotron

: _zfadiation is not an important mechanism for gamma radiation.

(2) Electron recombination with atoms (free-bound transitions)
The limit ,of the K series X-ray lines is a monotonically increasing

function of Z, the atomic number of the atom. The highest Z of an atom

of significant abundance in the corona is that of iron, 2 = 26, whose K

VRO,



| series limit lies at 1.3 angstroms (7 kev). When we consider that atoms
- of higheriz have very small abundances in the corona and that few of
- these atoms are ionized to the K shell, it is evident that line radiation
- resulting from transitions within atoms (bound-bound transitions) camnot
;produce gamma radiation. .

' The energy of a photon emitted in a free-bound transition is equal
"to the sum of thé kinetic energy of the electron plus the ionization
. energy of the atom. Therefore emission is possible below the wavelengths
- corresponding to t{xe ionization potential. Even in the ‘corona, however,
‘with an electron kinetic temperature of 106 °k, iron is not ionized to
_the K shell. It exists in several lonization states , but the abundance
of Fe XX and more highly ionized ferric ions is negligible. Recombination
“with these ions could produce gamma radiation only if the captured electron
~were in the exﬁreme high-velocity tail of the electron distribution.‘ The

iscarci‘cy of these electrons and the smail capture cross section for such

" inigh velocities makes such a process a negligible one.

’ When we consider that higher Z elements have a drastically lower
%abundance than iron, and that they, too, are not ionized to the X shell,
fwe see that gamma rays cannot be produced by free-bound recombinations

in the corona. ILower Z elements, although more abundant, require electrons
_with even higher energies to produce gamma radiation, allowing us to
:negléct thenm also... Since flare temferatures .are lower than coronal temper;
%atures, free-'ﬁound collisions can be neglected as producers of gamma
' radiation. | |

s
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(3) Decay of naturally redioactive nuclei

We can also eliminate naturally-occuring rsdioactive isotopes as

sources of solar gamma rédia.tion. The primary source of this type on

‘the sun is potassium-40 (th ). It has a half-life of 1.25 X 109 Years,

& terrestrial abundance of 0.0l Ier cent of all potassium, and decays
by B~ emission accompanied"by & 1.46 Mev gamma ray. Even if all solar
potassium were in this isotopic form, the low abundance and long half-
life would lead '§o infinitesimal fluxes at the earth. Isotopes with
half-lives of less than 105 Years would have disappeared from the outer
regions of the sun, since the sun is at least 109 Years old and no |
mixing occurs between the core,where new isotopes are produced, and the
puter layers. |

We shall consider the production of radiocactive nuclei by reactions

of the outer layers of the sun with energetic flare and cosmic-ray protons

- and alpha particles in the section on nucleon-nucleon reactions.

(%) Inverse Compton effect

The inverse Compton effect consists of the .transfer of energy from
énergetic particles to photons by means of collisions between the two.

The average energy loss, 4E, of a particle of total energy E in suck a

collision with a photon of initial energy k, measured in the observer's

rest frame,is [Feenberg and Primekoff, 1948; Donahue, 1948]

4

«1l5«"

8B = ve'f[1+ X'/Mye?] (25)

e e g e e i et 0 < e 8



'With B a1 and the average value of B cos 6 equal to zero, the equation

: for AE bgcomes

therefore, to transfer 10 kev to a thermal photon, electrons of
_ approximately 43 Mev kinetic energy or protons of 80 Bev kinetic energy

" are necessary. Over the visible range (3000 to 6000 A) the energy emitted

"become 1.1 times as'great [Parker, 1957] . Therefore the photon demsity
. at the sun is approximately 1012 3 . With a solar constant of 1. 94
'cal/cm min, and an avera.ge “thermal photon enera' of 1. lx- ev, the photon

density at the earth 15 about 2 X 107 -3,

where k! = yk (L + B cos 9);

n v/ec;
v = velocity of the particle;
Y =E/Mg?; ‘
g Moc2 = rest energy of the particle; :
.(ﬂ-e)- angle between the velocity vector of .the
particie and the velo'city vector .of .the
photon bhefore collision. ‘

The equation for the energy loss by the electron assumes

‘ <—§-Moc2 . ' (26)

AE = sz . (21)

The average energy of the photons emitted by the sun is 1.k ev;

by the sun is 7.4 X 10 10 ergs/ ca® sec; during a flare this value might

PR e
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Making use of the method of Feenberg and Primakoff [1948] , we
f£ind the number of Compton collisions with thermal solar photons

made by an electron traveling radially from the sun to the earth is
8.7 X 10™2 . A proton would make only 2.6 X 1078 col11sions.

The integral gama—ra;y flux at the earth is then calculated by
considering the total number of electroms for & given rigidity '
| spectrum with energy greater than 50 Mev {ncident per second on the

: high photon~density region near the sun, where most of the collisions

" occur. The integral flux of photons at the earth with energy greater

than 10 kev is given in Table 7.
As Teble T shows, for R, greater than 5 Mv the flux at the earth

is detectable. Bremsstrahlung calculations, .however,.indicate that Ro

for electrons is much less than 5 Mv. It must also be pointed out that

' since both inverse Compton and bremstrahlung gamma rays have a continuous

- energy spectrum, the former will be masked by the latter unless the

electron Ro is greater than 10 Mv. Since this does not seem to be the éase ,

"+ the inverse Compton effect 1s not an important gamma-ray source.

‘Stein and Ney [1963] have proposed that the white light produced by
some flares is caused by synchrotron radiation of electrons with
Ry = 200 Mv. If such electrons exist in a flare, a detectable gamma-ray

_ flux at the earth resulting from the inverse Compton effect is possible

' [Gordon, 1960} .

7-
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' (5) Electron bremsstrahlung

A mechanism that can produce a continuous’ spectrum of solar gamma

- radiation is electron bremsstrahlung. Bremsstrahlung can be considered
: the result both of free-free eleetron transitions caused by deceleratiog
: - of high-energy electrons in the dense flare volume (N ~ 3 X 1013 em™3) ’

- and of free-free transitions by electrons in a hot gas (themal o

bremsstrahlung)

: Bremsstrahlung by high-energy electrons appears to be predominant.
EC[‘he quantum mechanieal expression for the energy radiated per unit path
length in the frequency range v to v + 4v by a particle of rest mass

Mo in the field of a particle of charge Z is [Evans 1955]

o ' | | -
5 d(nv) -1 : f
: AW = Nzo'oz (T*M°)3v~v+dv m ergs cm ,  (31)

wher
(e?/ )=o 80x1027cm ;
137 e Moc 5 ;

NZ ='number of particles of charge Z per cm3;

T = kinetic energy of the particle;

ORISR (| S

B,y 4 gy = the average value of a slowly varying function in the

frequency interval v to v + dv [Bethe and Heitler, 19341].

?hus Per unit path length the mean number of photons in the energy
interval between hv and hv + a(hv) emitted per electron is dW/hv . The
gamma-ray flux will be based on 103 electrons/sec passing through the

. flare volume (1019 e X 10°. cm) with a spectrum given by

..;8-



. In the flare volume NZ = 3 X 10

g—;- - NOQ-F/RO , electrons/sec volt (32)
where
N R, = 1052 electrons/sec
Yoo .

- and R 1s related to the kinetic energy T by

2
R = %- [(T + Moc2)2 - (Moc2)2-] . | S (33)

23 a3, and the aversge value of 22 is 1.36

The number of gamma-ray photons per m’-’ per sec in the frequency

 interval between VvV and v + dv at the earth is given by

v, = D;(%— &) ax (1o9§] / 2.7 x 107 en? sec™ . »(31;)

We evaluated this integral numerically. The integral php‘bon flux at

_the earth for a range of values of R, 1s given in Table 8 and Table 9.

0
In a region where the density is 3 X 1013 protons cm-3, the
electron spectrum is modified in seconds because of energy losses by
synchrotron rediation and collisions in addition to bremsstrahlung. Stein
enc ey

and Ney [1963] give a comparison of the relative rate of energy loss.

An accurate determination of the spectrum as & function of ‘time is very

- @ifficult. The few gamma-ray spectra that are available (Friedman, 1963]
. indicate that the electron rigidity spectra have exponential decay constants,

: RO, of less than 1 Mv.

A
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Because of the lower densities in the chromosphere and corona
: regions outside of the flare volume, bremsstrahlung in these regions
resulting from deceleration of high-energy electrons is negligible
. compared to b@stmm in the flare volume. .
Proton bremsstrahlung can be neglected compared to electron
: ‘ﬁremsstxa.hlung, since Sy ~ l/MO2 . |
The_o.. in;tensity of the radiation from free-frée electroh transitions

'in a gas is given [Elwert, 1961; Stein and Ney, 1963] by

-hv/kT
1

39 ,2 e-hv/kT )

= 5.44 X 10”7

1
("—_;) NN erg/ e sec ster cps,

' where _ Z = 1.36;

=
)]

electron mass;

Boltzmann's constant

w
]

8.616 X 107 ev/deg;

Gaunt factor ~ 1;

L]
]

T = teﬁperature of gas, measured” in degrees Kelvin;

N

o = electron density; ' . -

’ Ni = proton density.

For emission over 4w steradians from a volume of 10
3 . ,

28 3

» Where

, Ne= X ;= 3X 1013 cm , the integral gamma-ray flux at the earth is

X ge NeN , ' (35)‘




. was 4.5 X 10”

=

given by ,

2
cm . sec

. =10 o

3.1 x _ =hv/xT v
L JEVR o _erg
ea T2 10 kev

2.2 x30° .
N . 1' T .
= 6.5 (‘1‘§>e : —?2-1-‘5-— .. (36)
cm sec

For temperatures of 10° or 10° %K, the flux at the earth is negligible.

'The observed value of the flux for the 8/31/59 flare for hv > 20 kev

6 ergs/ cm2 sec [Chubb, Friedman, and Kreplin, 1960] .

_ Temperatures of the order of 107 %K or higher could generate the observed

flux. A gas at these 'temperatures , however, would not radiate in HQ, and

_thus we cannot assume that the volume of the region emitting gamma rays

| is the same as that emitting H, - Although the duration of the 8/31/59

flare was of the order of minutes, other observed gamma-ray bursts

occurred in seconds. Such rapid changes in the flux also rule out thermal °

- “origin from a large volume. At energies less than 10 kev, bremsstrahlung

by thermal electrons may be the most important source of X-rays [Kawabata,

~ "1960; de Jager, 1963; Friedman, 1963] .

(6) Nucleon-nucleon reactions

(a) Thermonuclear reactions. The kinetic temperature of flares and

the corona is high enough‘ so that thermonuclear reactions may occur. The
energy liberated by mass conversion in these reactions can be in the form
of ganﬁa radiation or positrons which annihilate to form gamma radiation.
' The thermonuclear reactions most likely to produce gamma radiation, con-

sidering . relative abundances and Coulomb barrier potentials, are




" (a) H?"+Hl“l{2+e++v
e + e =2y (EY = 0.51 Mev),
(B) Hl+nl-°H2+y(EY-2.23 Mev),
© 1
(c) 7 + 32 ~He3 + vy (EY = 5.5 Mev).

The reaction rate between two unlike particles is given by

r=n n,<ov>, ! ™3 sec™t (37)

.' where nl and x§2 ém the number of reacting particles per cm3 and <o v >
. is the average of the product of the reaction cross section and the relative

B velocity of the reacting particles. For reactions between like particles,

2

ref<ov> . @ see™ ()

- If the particles have a Maxwell-Boltzmann velocity distribution, then

(Gamow and Critchfield, 1949; Cam.ron, 1961; Salpeter, 1952]

T.25 nl.n2

r = goy—t—a- (10722) (o, +A,) 8 Te ", en> sec™ (39)
2y dp By B, , | |
where '

{2220 & Y3 /
1/3

v = b2ug| L 22 S

: 1 2 , ‘
r P
Al A2 2

20w
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- in Table 10. If we take the volume of the ﬂare to be 10

Z = atomic number;
A = atomic mass number;
Tg= temperature in units: of 10° °k;

E = energy corresponding to the relative.

Velocity v=4m v2;

m = reduced mass = m 1112/(xz11 + m2);
O = cross section for the' reaction in barns

-2k

(102* cw?) at the energy E.

‘S is a slowly varying function of the energy E and can be considered

constant.

For reaction (A) the value of S is 3.12 X 10 ev bam (Salpeter,

él952] . The reaction rates and gamma-ray fluxes a.t the earth are given

® cu3, the

‘gamma-ray flux at 0.51 Mev is 3 X 10~ photons/ m’ sec at the earth.
In thése calculations the positrons were assumed to annihilate instantane-
ously. We will discuss the positron-annihilation time in a later section. .

;For aé corona volume of 6.2 X 1032 cm3 (a hemispherical shell whose outer

'ra.diué is 1.2 solar radii), a temperature of 1.5 X 106 °K, and a density

-28

photons/ e’ sec.

For a coronal condensation volume of 1.2 X 1030 cu3 (1.2 x 102 cx? x 1% cm),

-of 109 3 , the gamma-ray flux at the earth is T X 10”7

o temperature of 4 x 10° %, and a density of 5 X 1070 cm"3, the flux at

‘the earth is 1.k X 1072 photons/ cm sec.

Pt
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‘the reaction rate is given by

.
|
|

and

r=n n <ogv>
. P

-20
o = J-30 X 10

v

-

L In reaction (B), neutron capture by a proton to form deuterium,

a3 sec (%0)

c® (1)

‘where n and n:.D are the neutron and proton densities (cm'3 ). In the

flare \\volume % =3 X 1013 em 7; consequently?

%

3,

r= (2.2 X 10'6) Do

.The gamma-ray flux at the earth is then

-6
I=(8.1x10 )nn

™3 z-'..ef:-l (42)

photons/ cn® sec (1&3)

Neutrons, with a half-life in the free state of 13 minutes, are not

normally present at the solar surface. The neutrons originate from

nuclear reactions of flare-accelerated protons and alpha particles with

‘nuclei present in the flare reglon, primarily
L : 3

He  (p, pn) He™ ,
 and from thermonuclear reactions , primarily

% (&, n) Hed

w3 (4, n) He* .

e
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" 'in the flare volume.

: Consideration of all (p, n), (p, pn), (», 2n), (e, n), (o, np),
‘and (@, 2n) reactions with helium, carbon, and oxygen (see 6b)

‘gives a neutron production rate of 0.l cm.3 aec’l for Ro = 7O Mv and

L

‘0.7 cm™3 sec™ for R, = 200 Mv. The mean neutron energy is a few Mev.

o

‘Post [1956] has discussed the thermonuclear reactions, and has
.calculated the reaction rate for a flare. For a deuteron density
:in<3L ~ 2070 B, n =3 X 1013 w3, and & temperature of 3.5 X 10° %k,
f_the neutron production rate from the d-d reaction is negligible..

Most. of the neutrons produced in these react‘ions will escape from
.the flare region. Neutrons with an energy of 3 Mev have a velocity ‘
‘approximately equal to 3 X 107 cm/sec. The total cross section for

;n-;p reactions at this energy is ~ 3 barns; thus, for np a 3 X 1013 cnn'3,

;the neutron mean free path is ~ 1010 o .
Because <7 the ebsence of neutrons in the corona and the low production
‘of neutrons in this region during a flare, the gamma-ray flux from the

ientire corona caused by reaction (B)' is negligible compared to productioa

Altnough reaction (B) produces deuterium in the region of the flare,
;it is? interesting to note that it would be in quantities far below that
spect;oscopically detectable. The only claim to have observed deuterium
in a flare was based on an unsymmetrical Hy line (the Dy line being

'shifted 1.78 angstroms from the Hy line) [Goldberg, Mohler, and Miller,

.l958]§ . The deuterium sbundance derived was from 1 to 4 per cent that

of thé hydrogen’ abundance, which compares with a normal abundance of

less thanlb X 1072 that of hydrogen [Righini, 1962] . The line asymmetry,
never seen in any other flare, was probably caused by mass motions in the

1ine of sight.

St v e caseins e e Bl b e e ey -
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" .9.5 X 10

_condensation at & X 106 °K, _the flux would be less than 1.8 X 10

e

The reaction (C), involving deuterium as a reagent, is also a
poor gamma-ray producer. The value of S for this reaction is
T.8 X 10'2 ev barn [Cameron, 1957)] . Even assuming the deuterium
abundance to be 18 per cent that of ﬁydrogen in a flare, a flux at the

-16

‘earth of only 1 X 107X photons/am> sec is obtained from this reaction.

With' an abundance of deuterium in the corona less than L4 X 1072 that of -

hydrogezi, the flux at the earth from this reaction would be less than

-1k photons/ cm2 sec from the entire corona. For a coronal

=10

photons/ cm® sec.

(b) De-excitation of nuclei produced by nuclear reactions. Ta’ble 1

lists the proton-induced nuclear reactions of interest to this investiga.tion,

either because they produce gamma —adiation directly, or ‘because they produce
it indirectly by positron formation, or because they produce neutrons.

The number of nuclear reactions per second, r, in the flare volume

is given by
-1
r= r 4 N ar » sec = (L&)
R 1: dR
t
where
n_ = density of target nuclei (cm-3);
o, = reaction cross section (cm2) ;
. 4 = interaction path length, which is equal to

the flare thickness (cm);
% = number of particles incident on the flare volume
1 per second per volt; -

Rt = rigidity at threshold for the reaction.

‘26“




Calculations of the reaction rate assuine that the accelerated particles
.pass through the flare volume (1019 exm® x 107 cm) and interact over a
distance of 109 cm. The target nuclei densities are given in Table 6.
;We take the pro*t;on flux to be :LOZ’2 protons/sec over the flare area and
:assume.a.n exponential rigiditj spectrum (Section IV). .

‘ The reaction cross section can be written as the sum of the cross
E:sections of individual inelastic reactions. In the erergy range of

jinterest » for proton reacticas with a given target nucleus

. =0 (p, ') + o (p, n) + o (p, pn) + o (2, 20)

+o (g ) 4o (pdr. ., )

14
‘where we have neglected higher-order terms as well as the reactions
(, v) and (p, 4).

Using the optical model assumptions of Fembaéh, Serber, and Taylor

‘[1949] for a uniform density nucleus of radius p = Po Al/ 3, we can approxi-

‘mat'e the reaction cross section [(Wattenburg, 1957] vy

2

-2Kp ; - .
o_r TP 1 - l-(l+2Kp) e ) (I+6)

:’:‘1{292~ , ’

where K=5X 1012 s ™t

and Po = (1.28 % 0.3) X 10713 T ’ cm

‘over the energy region where o, is approximately constant.

i

i
1}
i
i .
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fDirect gamma-ray emission results from these reactions because of '

: i ,

. decay of the excited states of the product nuclei. This decay usually
occuzis in less than :LO":Lo second. This gamma-ray production rate in
"the flare is given.by the product of the reaction rate, r, and the gamma-

ray multiplicity per reaction, m. Table 12 gives the value of oM as a

function of energy for flare-accelerated protons interacting with helium,

_carbon, nitrogen, and oxygen. From the threshold energy of a few Mev
‘to a‘oput -30 Mev, the prédominant gamma-ray emiss;‘.on results from (p, p')
‘. react‘f'\Lons ‘(inelastic scattering) on carbon [Burge, 1959] , nitrogen [0da
_e_‘E_al._)‘«.\, 1960] , and-oxygen [Kobayashi, 1960] . A multiplicity, m, of
;one wa% used for carbon, and a multiplicity of two was used for nitrogen

.and oxygen in this energy range (Scherrer, Theus, and Faust,1953; Hofmann

and Winckler, 1963]. The gamma~ray production rate decreases at higher

~ energies although O’r is constant, irplying that in most reactions the end-

product nucleus is produced in its ground state. For proton energies

greater than 30 Mev, the value of o.m measured at 150 Mev [Foley, Solmon,

‘and Cleeg, 1962; Clegg, Foley, Solmon, and Segel, 1961] was used.

The gamma-ray emission caused by thése reactions consists of line

emission in the energy region from 0.5 to 10 Mev. For example, the

predominant line emission from carbon is 4.43 Mev and from oxygen, 6.15 Mev.

/

Over this energy region the gamma-ray flux at the earth for Ro = T0 Mv

" is 0.16 photon/cmz- sec and for R = 200 Mv is 0.2k pho*l:on/cm2 sec.

0
Assuming & ratio of « particles to protons of 0.1k for the accelerated

-particles, and acceleration to the same rigidity spectrum, we can neglect

a-particle reactions.

I



Because of the drastically reduced target densities in the corona,
‘nuclear-reaction rates there can be neglected in comparison with

Areac'bion rates in the flare itself;

The gamma-ray fluxes predic;ed for this energy region are certainly‘

detectable; little effort has been made, however, to investigale this

portion of the spectrum.

(e) °-meson decay. At proton energies above 200 Mev the predominant

.

mechanism of gamma-ray production is the decay of Tro mesons,

"o—'e.Y ’

fwhich are produced in proton-proton collisions. The decay time for the

-16

° meson is 2 X 10 second. For de-cay at rest each of the photons

. 'would have an energy of 7O Mev.

-0

The cross section as a f\mcﬂon of proton and &-particle energy

o o 0
+p = +p+T
D ?

‘for the reactibn_s.

" and also reactions for multiple meson production are given by Pollack

~and Tazio [1963] . We computed the gamma-ray flux at the earth as in

section (b), using exponential rigidity spectra with RO = 70 Mv and
R = 200 Mv. For Ro = 70 Mv the flux (hv > 50 Mev) at the earth is

4.8 x 1070 photons/ cu> sec,and for Ry = 200 Mv the flux is 7.k X 1072

photons/ cm2 sec. Note that the gamma-ray flux in this energy region

‘-29- .
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_ is highly dependent on the value of R, and certainly indicates the

: presence of very high-energy particles in the flare. Neutral meson
| decay is the chief source of radiation for all energies above 50 Mev. ‘:
It is interesting to note that ﬂo mesons can also be produced
: by galactic cosmic-ray protons and o particles interacting at.the
solar surface. The flux at the errth for photons with energy .grea.ter
" than 50 Mev caused by this effect is ~ 10-6 photons/cn® sec. |

(7) Positron-electron annihilation.

Positrons generated as by-products of nuclear reactions on the

sun can annihilate with electrons to form gamma radiation:

. e
e +te -2y ,

where the gamma-ray energy is 0.51 Mev for annihilation at rest. The
cross section for this reaction has & maximum when the positron total

' energy, E_ , appi‘pximately equals the positron rest mass energy,

" M2 = 0. 51 Mev. At this energy the annihilation rate, r, is given by

0

r=mn'n_ (.n'roz) c, em™3 sec™t (&7)

 where n,_ and n_ = the positron and electron demsities (cm-3);

2L 2

2 0.25 X 107°7; cm

™
0

c

velocity of light.

-

Positrons are generated by the beta-decay of nuclei and the decay of

T+
T mesons.




1 (a) Beta-decay of nuclei. The nucleon-nucleon reactions discussed

e i s b

above, in addition to producing nuclei in excited states, also produce

- nuclel which are radioactive and decay by positron-emission. The gamné.-

e a e s S

' ray flux resulting from the subsequent positron annihilation depends not
; ' | only on the rate of production of the radiosctive nuclei but also on the
: mean lifetime for decay. The only nuclei which can contribute signifi-
" cantly to the gamma-ray flux are those that decay with a mean lifetime

,{ . less than or approximately equal to the total time , ty, that the

‘ ) ~accelerated protons interact with the flare. The rate of decay at time

' ¢ after the protons initially interact is given, for t < to, by

- § = r (1-e~At) sec> (48)
" where r = constant rate of production of the rsdiocactive
" nuclei; \

A = decay constant = 1/T ;

T = mean lifetime.

At t = to the production ceases and the rate of decay becomes, for t > T’O s

3 = re-;‘(t-tO)(l-e-mo) . sec-:L (49)

’

For an interaction time to = 100 seconds in a flare, the principal sources

-  of positrons, based on reaction rates and decsy times, for proton and &-

particle-induced reactions are given in Table 13. The averaée cross sections

asswmed in '.I‘a.b'lei3 were calculated by Chupp [1963] and are estimated from

/
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compound nucleus formation cross sections by assuming all decay channels

equally probable. The most important source of positrons is

12 12
C(p, n) X

N12(B+) 012 .

3

' For this reaction the gamma-ray flux at the earth is 3.4 X 10™° photons/ cm®

2

photons/ cm® sec for R, = 200 Mv. !
S

For these fluxes the positron was assumed to annihilate instantaneously./ i’

"This is not the actual situation. The total time from production to { |

sec for RO = T0 Mv and 2.1 X 10”

annihilation is the sum of the 'blme needed for the positron to lose energy “

! d
ya N
-/

by synchrotron radiation and ionization to a final total energy of ~ 0.5 ’

) 4

Mev, plus the time for annihilation at this energy.
The rate of emergy loss is given [Ginzburg, 1958] by i

(1) magnetic bremsstrahlung,

dE/dt = -k X 19'15 E?QLZ = bE? ev/sec ; (50)
(2) " collision in ionized hydrogen, _ i
E/at = -7.62 X 1072 n(ine - fn n + T.46) ev/sec (51)

mc2_

~-a ev/sec
_where E is the total energy of the positron; B, is the component of the !

- magnetic field in gauss perpendicuiar to the motion; n is the proton

2

density; mc™ is the rest energy of the positron (0.511 Mev) ; and a and |

D are constants.

=32~



The total rate of energy loss is

ag/dt = -a-bE® , ev/sec (52)
where -
-'a.' = 107,;
b =107 ;
BJ_2 = 2,5 X 105 gau552 ;

3x 1053 cm3 .

<]
il

Solving the above equation fbr t, we have .

. - tan'i'_‘;(z/ a)%-_ EJ . tm-li(b/ a)% E]

) )
(ab)2
 where
E=E att=0 .
(o}
For E. = 10 Mev and E = 0.5 Mev, t = 1 sec .

(o]
The anmmihilation time is

: t =1/n e ~ b sec
a - O

for

n_=3%10° @3,

Therefore, -the total time from production to annihilation 1s

~

approximately 5 seconds.



(b) Meson decay. An additional source of positrons is the decay

of a mesons ?rodﬁced in ;prétcn-proton and proton-o=particle reactions:

P +
- +p0 +n+t
[+ 4

..

=g+ (r = 2.6 x 10-8 sec)
WwW=etev+y . (r=2.2%X 10'6 sec)

The threshold for the D-p reaction is 290 Mev and for the p-« reaction,
. 172 Mev. Multiple meson production is'possi'ble at higher energiles.
* The production of ﬂ.mesons , including cross sections and multiplicities,

.--. was previously considered by Pollack and Fazio [1963] . Note that

Just above threshold energy to approximately 1 Bev, the production of

T mesons dominates the Pproduction of © mesons.

For a typical positron energy of 100 Mev, the time from production to
. annihilation is sbout 8 seconds.

The gamma-ray vﬂux at the earth ;broduced by p.ositrons from beta-decay 4
and meson decay is given in Table 1% for two values of Ry ¢ RO = 70 Mv

. and Ro = 200 Mv.

VI. Modification of Calculated Fluxes

.
i
|

'Because of the wide variations in the parameters involved in the

' calculation of gamma-ray fluxes from solar flares, all calculations in

‘thisﬂ paper are based on simple representative values. TFortunately, most

of the results are directly proportional to the parameters which change

from flare to flare , and can easily be converted to any observed set of




yarameters for a given flare. The most important parameters are the
‘area of the flare; the number of protons, electrons, and alpha
‘particles interacting in the flare per second; and the exponential’

_ decay constant, Ro, of the particle spectrum. Only the last of the

for a range of values of R

-path length of particles through the flare may also change in value fronm
fflare to flare. Since these quantities are difficult to determine for |
cany one flare, it is probably best to use the values available for an

. average flare.

three parameters requires any amount of recalculation other than

multiplication, and in this case the photon fluxes have been calculated

o -
Such other quantities as the density of the atomic species and the

VII. Summary

The gamma-ray spectrum of the sun is simple in its qualitative

’aspects and can yield valuable information on the nature of solar flares.

Almost all gamma-ray activity will be associated with a flare region.

" The spectrum from 10 kev to a few Mev consists of continuous radiation,

caused Pprimarily by electron bremsstrahlung, which monotonically decreases

in intensity with increasing energy. ILine emission occurs at 0.51 kev

. because of positron annihilation; at 2.23 Mev, because of deuteron forma-

‘tion ;. and throughout the spectrum from 0.5 to 10 Mev because of nuclear

\

de-ex‘?i‘tation. The most important line emissions caused by the

. ' 16
de-excitation process are at 4.43 Mev, from Clh, and at 6.14 Mev, from O .
i

[
)
i



nuclear reactions during a flare. The intensity of the 2.23 Mev
:line is a measure of the neutron density in a flare. The gamma-ray
flux above 50 Mev is primarily caused by ﬂo-meson decay, which

.Eprodu:ces a continuous spectrum pealing at about 100 Mev. The flux

: ﬂaref. In discussing the detectability of line emission, we must

: remeniber that the strength of the continuum background radiation in

‘ ‘ . .
Aeasily.\ detectable in a large flare. At present little effort has been

‘'made to search for these lines. : |

' All the above sources of line emission indicate the occurrence of

*in this energy region 1s very sensitive to the value of R and can
il i N .

0

yield much information about the accelerated particle spectrum in the

“relatfion to the line intensity determines Just how easily the line may
| -be détected. The 0.51 ﬁev line will be in the bremsstrahlung continuum

| and wi]_'L therefore be difficult to detept.. The 2. é3 Mev line and the
line i:emission caused by nuclear de-excitation are relatively free of

" this toackground. The deuteron line may be difficult to detect, depending

"on the neutron density; the de-excitation gamma rays should, however, be

\

Almost all solar gammn radiation is caused by flares. The only »radiation%
that should emanate from a completely quiet sun is that resulting‘from the I
interaction of galactic cosmic rays with the solar photosphere. The
éccurrence » even during quiet periods, of many class l- flares and sub- |

flares, however, may result in small, irregular fluxes of gamma radiation.



The present status of the detection of X-rays and gamma rays

. from the sun has been summarized by Friedman [1963] . The highest-

energy photons detected were in the 300 to 500 kev region [Peterson

and Winckler, 1959] , and all gamma rays detected thus far give spectra

_indicative of electron bremsstrahlung. All of the radiation has

f occurred in bursts associated with flares. Present upper limits on other
: portions of the spectrum are given by the results of e:@erimen‘ts. aboard
' the first Orbiting Solar Ob.ervatory [Lindsey, 1963] . The sensitivity
of present detectors in the 0.1 to 3.0 Mev energy region. is about

' 1 photon/cm® sec and above the 50 Mev region,~ 10~3 photon/ cn® sec. Mo

- experiments have so far.been performed in the 3.0 to 50 Mev region.

The only indication of nuclear reactions in a solar flare has been

: the detection of H3 and He3 in the exposed section of a satellite

(Discoverer 1T) during a class 3+ flare on November 12, 1960 [Fireman,

MazDonald, and Libbey, 1962] . Both HS and HeS could be produced by the

" reactions

He)“ (p, 4) He3

Heh (p, pn) He3

L
Ee' (p, 2p) B> .

DeFelice, and Tilles, 1961; Schaeffer and Zihringer, 1962; Hamm, Lingenfelter,




' :s;oectrum emitted by a flare. Because of local background radiation,

" are available to carry gamma-ray detectors, and we urge that experiments
‘be planned for the coming maximum of the solar cycle to thoroughly

investigate this portion of the spectrum.

for their assistance and suggestions.

\ | ‘
To better understand the processes occurring during a solar flare

we must investigate the gamma-ray portion of the electromagnetic

the construction of sensitive, directional detectors is not easy but _

is worth pursuing. Space wvehicles such as the Orbiting Solar Observatories

We thank Dr. A. G. W. Cameron, Prof. E. L. Chupp, and Dr. H. Mi'bler
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50
100
500

1000

lilie

oph/ z°
(em®/atom)

1.3% x 107
4.78 x 1072
k.2h x 10730
1.51 X 10732
1.34 x 10733
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TABLE 2, COMPTON TOTAL CROSS SECTION

——ae ee ~——

Proton Energy
(Mev)

0.010
0.102
0.511
1.02

5.1

: 10.22
51.10
}

o ——— et e . e e s

o./Z

. - (10720 cm?/atom)

4 6.40
| 4.90
2.87
2.09
; ©0.817
0.502
0.143
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TABLE 3. PAIR PRODUCTION CROSS SECTION

L

Photon Energy
(Mev)

: - 1.02
S 1.53
- 2.04"

. o 3.07

5-11
10.2

25.4

2
cpr/ z

(10727 cma/ atom)

o)
0.050
1 0.189
0.52k
115
2.12

3.56
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 Height
(3am)
§OO
750
1000

I_Ieight
(i)
7.5 x 103
1.0 X 10
1.5 X 10

2.1 X 10

1.b X io5

7.0 X 10
1.4 x 1

TABLE L.

PROPERTIES OF SOLAR CHROMOSPHERE AND CORONA>

(A) Chrcmosphere

Temperature Atom Density
(°k) - (em™3)
6250 - 6.2 x 10%3

-- 9.9 x 10%2
7500 1.15 X 10%2
(B) Corona

Temperature - Proton Density

(%) (em™3)
. 3.0 X 10°
- 7.9 % 168
— - 4.2 x 108
1.0 x 10° " 2.9 x 10°
1.5 'x 20° 4.0 X 107
1.5 x 10° 1.6 x 10°
1.5 X ® 3.0 X 10°




Class

TABIE 5. PRGPEREfES OF CHROMOSPHERIC FLARES

Optical
Duration

(min.)

-48-

~

Relative
Frequency

0.72
0.25

0003

Mean Area
on Disk

(em®)

2.2 x 10%0
18

L.8 x 10

1.0 x 1019

2.9 X 1019

3.6 X 10%°
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TABLE 6. RELATIVE SOLAR ABUNDANCES OF ELEMENTS

. e —

" Element

o.z::gtm

——— -
——, :
v - ————— e s 4 .t + 0 < e o

Relative
Abundance

0.1k
5.2 X 10
9.5 X 10~

9.1 X 10

49~

Flare
Density
(cu"3)

3.0 X 10°3

12

L.2 X210

1.6 X 10

2.8 x 109

2.7 x 10%°
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TABIE 7. INTEGRAL GAMMA-RAY FLUXES AT THE EARTH DUE TO
INVERSE COMPTON EFFECT ’

§

§ No. of Electrons Photons/cu? sec
' (volts) (E > 50 Mev) ~ (Ey > 10 kev)

| A

|

2.0 X 108 : . 8.1 x 1031 2.6 x 103

7.0 x0T . 5.1 x 10 | 1.6 X 107

- 1.0 X 207 6.1 x 1022 2.0 X 10~

i . o
5.0 X 10% | 3.8 x 10%7 1.2 X 10

8.0 X 10° ‘7.1 % 10¢ 2k

) B

2.3 X 10

.-5.0-.




| TABLE 8. INTEGRAL GAMMA-RAY FLUX (NY) AT THE EARTH DUE TO ELECTRON BREMSSTRAHLUNG
g:g:on . . Ny (cn™2 sec™) > E, ]
(2,) Ry = 2 X 10° volts | Ry = 7 X 107 volts |R, = 207 volts 'R =5 x 16° vo
,A 10 kev 172 150 16 205 i
o 162 k1 105 93 ! j
3. 150 129 91 7 ‘
30 132 123 85 70 -
50 140 18 80 65, !
J;oo; 126 ] 105 6 51 1 i
200 113 91. 51 37 |
300 105 83 . 43 30 | {
| oo 99 7 37 25 ‘ ‘
: 500 - ok 73 34 22 l
11 Mev 81 59 23 13 |
; L5 51 3 5:9 1.8
:!l_o 39 22 2.2 0.37
50 16 4.8 1.3 x 1072 5.0 X 10?5
oo g.o - 1.5 6.8 x 1070 -
' 5100 0.40 . 2.0 X 10 - - |
1000 ‘2.2 X 10” 1.6 X 10° -- -
4 |
| .
| - J
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INTEGRAL GAMMA-RAY FLUX (N,) AT THE EARTH DUE TO EI;ECTRON BREMSSTRAHLUNG

| Prioton! N, (cn@ sec™) > E
Ene,rsyi > —

(2,) Ry = 8 X 10% volts | R, = 5 X 10° volts |Ry'= 3.5 X 10° volts | Ry = 1.1 X 107 voliel

10 kiev | 7 65 60 3 L
2 || 56 LT 42 a
30 36 28 22 5.6 )
Lo 30 - 22 16 3.3
50 25 17 12 2.1
300 15 8.7 5.3 0.37
200 - 7.9 - = 3.9 1.9 ~0.0k5 :
300 | 5.0 2.2 0.9k 8.7 x 1073 ;
| k0o 3.b 1.3 £ 0.53 2.2 X io"3
500 2.4 0.85 0.30 ke x ig’l‘ 5
600 T 0.56 0.18 1.7 X 1;_;,"1"-
800 ) 0.95 0.25 0.066 1.8x107
1 Mev 0.57 0.2 0.025 9.1 x 1077
3 1.3 %1072 6.0 X 107 ) -R 107 f -
5 . 1.0 X 1073 1.0 X 107 9.1 X 107 - :
-52- -
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TABIE 10. H“+ H' =H2 + e + v REACTION RATE

ESolar
. Region

' Corona

; Coronal
- Condensation

-

Temperature

(°K)

1x10°

3.54 X 10

8 X 10°

8 x 105

1.5 X 106

1.5 X 106

‘¢

2.5 X 10

k X 106

Proton

5 X 10

10
5%X10

Reaction
Rate
(cm™3 sec™®)

2.76 X 10
7.37 X 10~

1.97 X 10
4.93 X 10
1.2T X 10~

3.18 X 1073

5.14% x 10727

1.38 X 1072

33
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PABLE 11. ACCELERATED PROTON REACTTIONS FOR THE : :
PRODUCTION OF GAMMA RADIATION AND NEUTRONS |
Reaction ' Proton Threshold
Kinetic Energy °
. (Mev) :]
i : ’ |
B ) .‘
Heh (p, pn) Ee3 : . 25.6 |
L “
He (p, 2pn) e . . 32.5
He" (p, 2p on) H 35.2 :
; ¢*? (9} n) W*2 199 ;
| - : .
: ¢*2 (p, pn) ¢t 2.3
. ~ ’ |
t c¢*2 (p, 2p) 3 16.7
r 7 (p, n) o 6.4
14 3 |
¥ (p, pn) 11.3 3
i (p, 2p) c3 12.3
1k
. ‘ N .(P: @) cll 1.5
T 0*® (p, zp) o+’ 16.7
o™ (p, 2p) ¥ 12.3
o8 (p, ) W3 5.0
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TABLE 12,

CROSS SECTIONS FOR GAMMA-RAY ERGDUCTIQN BY
NUCLEAR DE-EXCITATION

Target
Nucleus

Flare
Density

(cm™3)

Energy
Region
(Mev)

He

4,2 x 1012

>4

12

1.6 x 1080

4-30
> 30

a2
23

Nlh

8 x 109

k.30

> 30

558

27

16

2.7 x 1019

6-30
> 30

560
50

=55=




TABLE 13. PRINCIPAL SOURCES OF NUCLEI WHICH DECAY BY 8" EMISSION

Reaction

INO. T [Threshold Average Nuclear
(sec) Energy Cross Section Reaction Rate
(Mev) (ud) (107 cn™3 sec™d)
Ro = T0 Mv RO = 200 Mv ]
1. |cte (p, n) N
R (5 ¢ o.ozs | 19.9 46.0 5.6 30
2. |v (v, n) ot
ot (B+) n* 72 6.4 53.3 3.4 8.8
3 10% (o, mp) 0¥ |, © |
ot> (g*) N5 C 12k 16.7 52.9 16.2 60
. |ct? (o, n) 0P | |
o (87 ™ | 1z | 1. 22.7 0.26 1.86
5. | 12 (C! 2n) olll- ‘ ' ’
ol (57) o 2 | 29.0 30.3 0.13 1.80
6. |5 (o, ) 77 '
77 (p*) ot 66 8.1 0.6 1.7 X107 9.k x 10”
7. 1 0% (a, n) netd
\Tel9 (g%) 719 17.71  15.2 26.3 1.1 3.2
8. | (o: 2n) Ne 18
(B ) P8 - 1.6] 2.6 33.7 0.2k 3.2
] .
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TABIE 14. GAMMA-RAY FIUX AT THE EARTH DUE TO

POSITRON ANNIHILATION

Source
Reaction

Flux ('P‘no‘l:ons/c:m2 sec)

Ro=7OMv

RO = 200 Mv

o2 (p, n) le
¥'2 (p*) ct2

-+ +
TN oty
p."'-'e"'-l-\a-i-v

3.4 x 1073

5.7 x 1070

2.1 X 1072

k.2 x 107




